Disorder-induced structural transitions in topological insulating Ge-Sb-Te compounds
The mechanism for the fast switching between amorphous, metastable, and crystalline structures in chalcogenide phase-change materials has been a long-standing puzzle. Based on first-principles calculations, we study the atomic and electronic properties of metastable Ge 2 Sb 2 Te 5 and investigate the atomic disorder to understand the transition between crystalline hexagonal and cubic structures. In addition, we study the topological insulating property embedded in these compounds and its evolution upon structural changes and atomic disorder. We also discuss the role of the surface-like states arising from the topological insulating property in the metal-insulator transition observed in the hexagonal structure. Chalcogen-based phase-change materials (PCMs), such as Ge-Sb-Te (GST) compounds, have possible applications as non-volatile memory devices. 1 PCMs utilize the large contrast in electrical resistivity and optical reflectivity between amorphous and crystalline phases to express the binary states, and can switch between them in extremely short times ($nanoseconds). 2, 3 PCM is also usable in display devices that combine distinct variation of optical and electrical properties. 4 GST compounds are pseudo-binary alloys of GeTe and Sb 2 Te 3 that have an energy gap of 0.55 and 0.28 eV, respectively. 5, 6 GeTe is an ordinary band insulator whereas Sb 2 Te 3 is a topological insulator. 7 First-principles calculations show that crystalline GST compounds can also have a topological insulating phase depending on the composition and layer stacking sequence. [8] [9] [10] Experimental observation of weak antilocalization in GeSb 2 Te 4 , angle-resolved photoemission study for Ge 2 Sb 2 Te 5 (GST225), and large magneto-resistance in interfacial PCMs supports these theoretical predictions. [11] [12] [13] GST225 undergoes a series of structural transitions from amorphous to metastable rock-salt structure (or cubic) at $150 C and then to stable hexagonal structure at >300 C. 14 For the hexagonal structure, three types of layer sequencing have been suggested: Petrov sequence Te-Sb-TeGe-Te-Te-Ge-Te-Sb-, 15 Kooi and De Hosson (KH) sequence Te-Ge-Te-Sb-Te-Te-Sb-Ge-, 16 and intermixed sequence TeGe/Sb-Te-Te-Sb/Ge-. 17 According to first-principles calculations, the KH sequence is slightly more stable than the Petrov and intermixed sequences. 18 Also the superlattice of (GeTe) m (Sb 2 Te 3 ) n with the KH sequence can be formed to release the strain energy in the hexagonal structure. 19 For the cubic structure, the common belief is that 4(a) sites are solely occupied by Te and 4(b) sites by Ge, Sb, and 20% of vacancies at random. 20 However, first-principles calculations 18, 19 suggested that ordering in the cations and vacancy layers in the rock-salt structure may lead to more stable structures than the fully random structure, although these calculations did not consider thermal energy and configurational entropy. Another important question is how the ordering (or disorder in cations including vacancies) affects the electronic 21 and topological insulating property of cubic GST, especially when the spin-orbit coupling is included. Understanding the fast amorphous-crystalline transition, improving switching speed of the device, lowering the operating voltage, and exploring new types of applications all require detailed atomic and electronic structures of the rock-salt structure.
In this work, we used first-principles calculations to investigate the stability of GST225 when atomic disorder is imposed, and the structural characteristics of the metastable cubic phase. In particular, we studied the electronic structure, optimized atomic structure, and the topological insulating property of model cubic GST225 in the presence of cationic disorder. We also suggested a model transition-path for the structural transition from cubic to hexagonal structures, and accompanying changes in the electronic property.
II. COMPUTATIONAL METHODS
Our calculations were based on the density-functional theory using the projected augmented plane-wave method (PAW) 22, 23 as implemented in the Vienna ab initio simulation package. 24 The interaction between the valence electrons and ions is treated using a PAW-based pseudopotential method. The valence electron configurations are 4s 2 4p 2 for Ge, 5s 2 5p
3 for Sb, and 5s 2 5p 4 for Te. The generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof type was used to describe the exchange-correlation of electrons. 25 To supplement the van der Waals (vdW) interaction between weakly bonded layers, which is not properly represented by GGA, we used the Tkatchenko and Scheffler (TS) method. 26 Lattice constants calculated using the TS method (a ¼ 4.24; c ¼ 17.12 Å ) agree well with experimental values (a ¼ 4.22; c ¼ 17.18 Å ).
14 The spin-orbit coupling was included in the self-consistent calculation level. The cut-off energy for the plane-wave-basis expansion was set to 400 eV. size (the number of atoms in the unit cell) and the k-point grids for the Brillouin zone integration were chosen as follows; 27 atoms and 4 Â 4 Â 1 for the ordered cubic GST225 with KH or Petrov sequence (Fig. 1) , 108 atoms and 5 Â 5 Â 2 for the Ge-Sb exchange process from KH to Petrov sequence ( Fig. 2) , 243 atoms and 6 Â 6 Â 3 for the model cubic structure with three types of disorder (Figs. 3 and 4), and 162 atoms and 12 Â 12 Â 3 for the hexagonal structures (Fig. 5 ). Atomic relaxation was conducted until the change in the total energy was <0.1 meV. The parity-check method by Fu and Kane 27 was also used to calculate the topological invariants. To estimate the configurational entropy for GST compounds, we used the Ising model and the Boltzmann's entropy equation (S ¼ k b lnW) where k b is the Boltzmann constant, and W ¼ N!/(n vac !n cat !) is the number of microstates, with all available 4(b) sites N and two different particle occupation conditions, i.e., vacancy n vac and cation sites n cat . We used the Mercury program to emulate the X-ray diffraction profile for cubic GST with defects. 28 
III. RESULT AND DISCUSSION
The steady change without noticeable features in resistance during the structural transition upon heating hints at the existence of intermediate structures in GST that have characteristics of both conventional hexagonal and rock-salt structures. 29 We chose an initial structure of GST225 that maintains the cubic lattice with a short-period stacking order along the (111) direction (Figs. 1(a) and 1(b)). The low energy states near the Fermi level depend on the layer sequence. The initial structure with the KH sequence has a direct band gap of $0.26 eV at the C point, whereas the structure with the Petrov sequence has an indirect band gap of about 0.06 eV and an inverted orbital character (Figs. 1(c) and 1(d)). The large difference between electronic structures of these sequences is attributed to relatively strong hybridization of Ge and Te-Te layers in the Petrov sequence: the valence bands in the KH sequence are formed solely by nonbonding p z orbitals of the Te layers adjacent to the vacancy layer, but the valence bands in the Petrov sequence are derived from the orbitals in both Ge and Te layers, and are consequently pushed upward in energy.
Insulating behavior of the compounds observed in experiments seems to fit better with the large energy gap of the KH sequence than with the Petrov sequence. Also, in the initial cubic structure the KH sequence is energetically more stable than the Petrov sequence by 20 meV/atom. Based on these results, we chose the KH sequence along the (111) direction in the initial cubic structure. First, we studied the effect on the electronic property of Ge-Sb exchange, which leads to a mixing of KH and Petrov sequences. As the Ge-Sb exchange ratio is increased, the conduction and valence bands move toward the Fermi level, and the band inversion From the left to the right panels, the band structures with Ge and Sb atoms exchanged by the percentage ratio starting from the KH sequence. To minimize the structural instability, the cation sites are selected so that cations do not neighbor each other. We observe a gradual decrease in the band gap and a band inversion as the exchange ratio increases. GST225 turns into a topological insulator when the exchange ratio is $50%. Blue dots: odd parity of the wave-function, red dots: even parity of the wave-function. occurs at the C point at about 1:1 exchange (50% disorder) (Fig. 2) . The band inversion indicates that cubic GST225 transforms to a topological insulating phase above this exchange ratio as found in the hexagonal structure. 8 Our calculations suggest that cationic disorder by Ge-Sb exchange affects mostly the low energy states near the Fermi level and eventually induces formation of the topological insulating phase in our cubic GST225. 13 This trend demonstrates that the disorder not only affects the electronic band structure but also can control its topological nature. These observations in turn imply that metastable cubic GST may have different topological phases controlled by the degree of disorder, which can be exploited to realize multilevel states. 30, 31 Also, natural inhomogeneity in the distribution of defects 32 may produce domains with differing topological insulating phases along which interface states can develop, thereby providing electrical conduction channels that generate Joule heating. Our findings suggest that GST can be used as fundamental structure in which the occurrence and effects of inhomogeneous topological phases in homogenous materials and associated physical properties can be studied.
Next, we investigated the atomic structure of the cations including vacancies in the 4(b) sublattice of the rock-salt structure. 20, 33 We calculated the structural stability of GST225 when three different types of atomic disorder were considered ( Fig. 3(a) ): migration of Sb or Ge into the vacancy sites (Sb V or Ge V ) and the Ge-Sb exchange (Ge/Sb Ex ). We found that Sb/Te antisite defects are less stable (up to 17%) than the cationic defects that we consider in this study. We calculated total energies of GST225 upon introducing the atomic disorder up to a ratio of 20% relative to the ordered cubic structure with the KH sequence (Fig. 3(b) ); Sb V disorder immediately destabilized the structure but Ge V disorder up to about 2% was energetically stable. More importantly, calculations suggest that structures that have up to 20% Ge/Sb Ex disorder are more stable and preferable than the well-ordered initial structure; this observation contradicts the conclusions of previous studies that found that ordered stacking structures are energetically more stable than intermixed structures. 18 Similar results as in our study were also reported in a previous first-principles study. 19 Our finding implies that metastable GST may inherently have substantial Ge/Sb Ex disorder from the energetics point of view even without considering the thermal effect. In summary, our calculations indicate that a substantial amount of Ge-Sb exchange (in an order of $10%) and a few percent Ge migration into vacancy sites are energetically favorable in the cubic structure even without considering entropic thermal energies.
We also investigated the effect of the cationic disorder on the lattice constant (Fig. 3(c) ). Due to the small atomic size of Ge, Ge V disorder slightly decreased the lattice constant for almost all the whole range of disorder ratio r dv , which is defined as the proportion of available sites in the vacancy layer that are occupied by cations. However, Sb V migration and Ge/Sb Ex increased the lattice constant significantly in proportion to r dv . These results suggest that the decrease of lattice constants during heating in experiment 14 is related to Sb arrangement. A previous first-principles study also shows that the lattice constants are very sensitive to the ordering in the cation layers. 19 Now, to reproduce the cubic GST225 capturing experimental observations, we focus on the electronic and structural features, and energetics upon variation of the ratio of both Ge V and Sb V disorder. The atomic structure of the model cubic GST was selected based on our calculations of energetics for the disorder. We found that Ge tends to separate from other Ge, and that Sb tends to occupy the empty sites that are surrounded by Ge atoms in the vacancy layers. In simulations of the exchange of cations, we minimized the structural instability by choosing a disorder configuration in which cations were not adjacent to each other. The supercell of our model cubic structure had 243 atoms, and the ratio of Ge:Sb:Te:vacancy was exactly 2:2:5:1. We calculated band structures (Fig. 4(a) ) for r dv . The observed range was 7.4 r dv 51.9%. When a small amount of disorder (r dv ¼ 7.4%; Fig. 4(a) , leftmost panel) was introduced, localized states (flat bands) appeared near the top of the valence bands; these states were driven by the disorder. The surfacelike bands from Sb 2 Te 3 layers, while being also affected by the defects to have a gap opening ($0.06 eV) and merging into bulk bands, still retain some features of linear dispersion. At r dv > 30%, the linear bands disappear and the bandgap at the C point is increased. The conduction bands mostly from Sb atoms were insensitive to cation migration to the vacancy layer but very sensitive to the Sb-Te interatomic distance. The band gap increased and the states originating from Sb orbitals became localized when Sb-Te interatomic distance was varied (e.g., in the range 2.8-3.5 Å ).
Calculated total energies increased at small r dv but saturated at r dv $ 37% (Fig. 4(b) ). If the configurational entropic term is included, a local minimum might develop in the free energy curve. For example, at 500 K, a dip in the free energy occurred at r dv $ 50%, which corresponds to the metastable cubic structure. The simulated X-ray diffraction pattern (Fig. 4(c) ) for r dv $ 50% matches the peak pattern observed in experiments; 14 the similarity indicates that the cubic structure in our calculations emulates successfully the metastable cubic structure. Another finding of this analysis of cationic disorder is that rearrangement of Sb and Ge into cationic layers by heating increases the c/a ratio. Calculated total energy for 29.6% r dv exhibits a dip at $4% elongation (Fig. 4(d) ). Once transformed to the hexagonal structure, the cation ordering shrinks the c-axis (Fig. 4(e) ); this change is critical in restoring the topological insulating property. 8 Finally, we discuss a model ( Fig. 5(a) ) of transition path from cubic to hexagonal structures based on our calculations. As temperature is increased, Sb and Ge tend to assemble in the [111] planes, and this cation ordering (reduction in the vacancy disorder ratio) leads to contraction in lattice constants ( Fig. 3(c) ). In addition to the ordering in cationic planes, the vacancy layers also become ordered along the (111) direction, so the c-axis elongated in the (111) direction (Fig. 4(d) ). When the ratio reaches a critical value (or cation ordering), the cubic-to-hexagonal transition occurs. In the hexagonal structure, the cationic ordering derives the c-axis contraction (Fig. 4(e) ). As the cationic ordering is completed, Sb 2 Te 3 layers recover the topological insulating property to generate the linear bands at the interface to GeTe layers ( Fig.  5(b) ). The effect of natural p-type doping by Ge-site vacancies on the electrical resistivity of GST compound increases once such linear bands are restored. The linear band dispersion with a large group-velocity provides higher carrier mobility compared with the localized band for the same amount of carrier density. Hence Ge-site vacancies 34 may turn the GST compounds into a metallic state more effectively with the linear bands than without them; i.e., the metal-insulator transition may be induced in the hexagonal structure by the degree of cationic ordering even in the absence of structural transition. 14, 29 The interlayer distance is sensitive to the vdW interaction. The atomic relaxation using the TS vdW correction method leads to $3% contraction of the Te-Te distance in the KH-sequence hexagonal GST, which then becomes semimetallic. In contrast, the overall band dispersion is almost unaffected. The vdW correction may expedite the transition of hexagonal GST to a metallic phase upon the cation ordering but does not alter the trend in the electronic structures (Fig. 5) . The charge-density plots of disordered hexagonal within the energy range from À0.35 to À0.25 eV and of ordered hexagonal GST225 within the energy range from À0.25 to the Fermi level (Fig. 5(c) ) illustrate the change in the wave-functions upon the cation ordering. Well-localized states became extended upon the cation ordering, and this ordering may lead to the transitional behavior in the electrical conduction of GST compounds. Calculated band structures of GST225 in the hexagonal structure, from left to right panels, starting from well-ordered KH sequence, with 11.1% Ge/Sb Ex , 11.1% Ge/Sb Ex þ 11.1% r dv , and 11.1% Ge/ Sb Ex þ 22.2% r dv . (c) Charge density plot of (upper panel) the disordered hexagonal (11.1% Ge/Sb Ex þ 22.2% r dv ) in the energy window from À0.35 to À0.25 eV and (lower panel) the ordered hexagonal GST225 with KH sequence in the energy window from À0.25 to the Fermi Level.
IV. SUMMARY
We investigated the effect of atomic disorder on structural and electronic properties in cubic GST225. Upon introducing three different types of cation disorder (Ge V , Sb V , and Ge/ Sb Ex ; Ge, Sb migration into vacancy layers and Ge-Sb exchange, respectively) into the ordered cubic GST225 with the KH sequence, we showed that Ge V and Ge/Sb Ex lead to a more stabilized structure and that Sb V and Ge/Sb Ex increase the lattice constants. We found that the topological insulating phase of GST225 also emerges as the amount of cation-exchange is increased. Emulated cubic structures with atomic disorder exhibit a dip in free energy at a disorder ratio of about 50% and reproduce the X-ray patterns of metastable cubic GST225. Based on our calculations of lattice constants and total energies, we presented a possible pathway for the transition from cubic to hexagonal structure. Upon formation of ordered cationic layers in the hexagonal structure, we showed that topological insulating property of Sb 2 Te 3 layers and consequently Dirac cone-like linear bands are restored and may link to the metal-insulator transition. Our results may help to understand the mechanism by which structural and electronic transitions occur in GSTs and to explore properties that emerge due to the topological insulating nature of the compounds.
